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CHILLDOWN STUDY OF THE SINGLE
STAGE INDUCER TEST RIG

I, INTRODUCTION

The objective of the pump chilldown test was to obtain data which could be
used for improving the pump analytical model and to observe phenomena which could

influence pump chilldown.

The pump chilldown tests were conducted at NRDS (Nuclear Rocket Development
Station) on a low priority basis in conjunction with the primary pump performance

tests. These tests were performed in Test Cell "C" between December 8 and 22, 1971.

11, SUMMARY/CONCLUSIONS

Of the six chilldown tests, data from only one could be used for evaluation.
During the rest of the chilldown tests, there was leakage hydrogen flow into the
pump cavity prior to the initiation of the chilldown test. Prior to the test,
it was hoped that two-phase flow data could be obtained from these tests. 1In all
of the tests, however, the hydrogen condition into the pﬁmp was probably 100% vapor.
The data from this one test, therefore, can be used to compare only the single

phase fluid correlation in the analytical pump chilldown model.

All of the pump instrumentation and plumbing were based on the require-
ments of the single stage pump performance and cavitation experiments. The chill-
down test was incorporated on a low priority basis without hardware modification

nor additional instrumentation.

In general, the actual pump chilled down much faster than predicted by the
analytical pump model. There were insufficient data from the test to measure the
pump flow rate and pump inlet fluid condition; therefore, these parameters were
extrapolated based on related data which were available. However, even with the

highest probable flow rate, the pump chilled faster than predicted.

The pump metal temperature sensor is not located in an ideal place since
there is a stagnant gas pocket between the sensor and the flowing coolant. In

the analysis it was assumed that the gas between the impeller shroud and the
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housing was trapped stagnant gas. The pump configuration is such that eddy
currents can be set up in this pocket to enhance the heat transfer from the
temperature sensor to the flowing coolant in the impeller. Other phenomena
such aé liquid carry-over in the gas and discontinuous flow at the impeller tip
coﬁld lead to higher heat transfer coefficients than computed from a developed

flow correlation.

Based on the experience gained from this series of chilldown tests, much
can be learned about pump chilldown and ways of improving the analytical pump
chilldown model. If further pump chilldown tests are performed with proper in-

strumentation and hardware modification, the recommendations are as follows:

1. The pump inlet flowmeter should be located upstream of the flow
control valve; there then will be a better charice of maintaining 100% liquid in

this flowmeter for accurate flow rate measurement.

2. Wide-range temperature readouts (35 to 500°R) are required for a

chilldown test, not narrow range readouts (35-54°R).

3. The pump metal temperature sensors must be located adjacent to the
fluid in an established flow regime in order to obtain good heat transfer data.
The actual heat transfer coefficient may be several times larger near flow dis-

ruptions or entrance regions to a passage than in a fully developed flow region.

4, A better flow conditioner is required for pump chilldown tests.
A temperature stratification of 70°R was measured in the pump inlet line only

20 in. downstream of the flow conditioner used in this test.

5. Since tﬁe two-phase convective heat transfer coefficient is proBably
the largest unknown in the pump chilldown analytical model, a serious attempt
should be made to obtain two-phase flow data. To do so, the pump inlet line
to the bypass line must be shortened as much as possible. Presently, this dis-

tance is approximately 14 ft,
III. DISCUSSION
A, PUMP CHILLDOWN TEST
1. General

Between December 8 and 22 in Test Cell "C" at NRDS (Nuclear

Rocket Development Station), the liquid hydrogen pump component development
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testing was conducted as describéd in the test plan (Reference 1). The pump
chilldown tests were performed at the start of each testing day during the facility
line chilldown phase. These chilldown tests were conducted on 16w priority, |
limited fund and tight schedule basis; therefore, instrumentations and piping modi-
fications necessary for a more meaningful pump chilldown test could not be added

to the system.

2. Test Description

It was originally anticipated that the pump chilldown test be
conducted with 100% liquid hydrogen flowing through flowmeter KF-130 (see Figure 1)
at approximately 1 1lb/sec. Since the response characteristics of the total system
were not known prior to testing, the first chilldown test was conducted primarily
to learn the response characteristics and the limitations of the pump testing

syétem as applicable to the pump chilldown tests.

Shown on Figure 1 is the Test Cell "C" piping and instrumenta-
tion diagram. In general, all the pump chilldéwn tests started with the facility
:1ine chilldown phase by-passing the pump (the following valves were closed: K-2,
C-4, C-221). When KT-4 indicated liquid temperature, K-130 was opened and K-3
was closed to chill down flowmeter KF-130. When the facility line upstream of
valve C-4 was completely chilled down, K-130 was closed to stop flow while valves
to flare remained open-to vent the down stream lines. When the boil-off rate
became very small (CP-6 near ambient) C214 was closed and C-4 and K~-130 were

opened to initiate the pump chilldown test.

In the first chilldown test (performed on December 8), during
the facility line chilldown phase, the pump was partly cooled down due to a ieak—
age through either valve C-4 or check valve CC-1005 and venting through C-231 to
flare. When the chilldown test was initiated, the flow reading at KF-130 was very
grratic. Valve C-8 was partially closed to maintain back pressure in the loop
down-stream of the pump to prevent over-speeding of flowmeter CF-6 with 100%
vapor. Unfortunately, this back pressure left very little pressure differential

across valve K-130 for controlling the flow rate through flowmeter KF-130.
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For the 2nd test (performed on December 10), if was proposed
that valve C-231 be closed during the facility line chilldown to prevent leakage
flow through the pump from C-4 or C-1005 and thence out to flare. By closing
valve C-231, even if there is a leak, once the pressure in the pump equals the
line pressure, the leakage flow would stop. It was also recommended to leave
valve C-8 wide open to allow valve K-130 sufficient pressure drop to control the
flow rate through flowmeter KF-130. This second chilldown test proceeded
smoothly with no pre-chilling of the pump prior to the initiation of the chilldown

test and with smooth flow rate readings.

The following four chilldown tests (December 15, 16, 17 and 22)
all experienced leakage flow into the pump prior to the initiation of the chilldown

test and many of the temperature readouts of the pump were lost by then.

B. DATA ANALYSIS

1. Selection of Data for Analysis

In all six chilldowns, the fluid condition at the pump inlet
flowmeter (KF-130) was two-phase hydrogen and at the outlet flowmeter (CF-6)
was 100% hydrogen vapor. All of the chilldown tests except one experienced leak-—
age flow through the pump which pre-chilled the pump prior to the actual initiation
of the chilldown test. Since it is very difficult to evaluate the test.data in
which leakage flow occurred, data analysis was concentrated on the single chilldown
test. Also, the later chilldown tests (December 17 and December 22) had lost most

of the pump temperature sensors.

2. ' Measured Temperature Response

Shown on Figure 2 are the measured temperatures from the 2nd
chilldown test (December 10). The locations of the temperature sensors and their
readout range are shown on Table 1. The complete instrumentation specification

for these tests are given in the test plan (Reference 1).

The pump metal temperatures were measured (Figure 3) near the
front face of the impeller outlet at .2, .3 and .4 in. from the fluid (CT-700,

CT-701 and CT-702 respectively). As expected, the temperature sensor nearest the
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fluid chilled down the fastest and the sensor farthest from the fluid was the
slowest. The bearing fluid temperature (CT-703) chilled down with the pump metal
temperature and towards the end of the chilldown test was colder than the metal

temperatures.

3. Fluid Flow Rate

The hydrogen flow rate through the pump was measured by KF-130
located in the line approximately 60 ft upstream of the pump inlet and by CF-6
located in the line approximately 24 feet downstream of the pump outlet. Prior
to the chilldown test, 'it was anticipated that 1007 liquid could be maintained
in the upstream flowmeter (KF-130); but, due to the low flow rate (approximately
1 1b/sec) and the location of the flow control valve in respect to the flowmeter,
two-phase fluid flowed through this flowmeter. If the flow control valve was
located downstream of the flowmeter so that the flowmeter is on the higher pressure
side of the control valve, 1007 liquid could probably have been maintained in

the flowmeter during the chilldown tests,

All during the chilldown test, the fluid condition was always
100% vapor at the pump outlet flowmeter, CF-6. By using the perfect gas laws,
the measured volumetric flow rate can be converted to mass flow rate. The fluid
pressure at the flowmeter was measured from CP-6 and the temperature from CT6.
During the initial 150 seconds of the chilldown test, the fluid temperature was
beyond the range of the temperature readout (100°R). During this initial phase
of the chilldown test, the fluid temperature at the flowmeter was extrapolated
based on the chill characteristics of the pump inlet fluid measured from CT-509.

Shown on Table 2 are the flow rate computations.

4, Pump Inlet Condition

The fluid temperature measurements are made at various locations
from the inlet flowmeter, KF-130, to the pump. Pressure and temperature (KT-130
and KP-130) are measured at the flowmeter. Thé fluid condition at the flowmeter
was always two-phase except near the end of the chilldown test when the fluid
was 1007% vapor due to decrease in flow rate. Approximately 24 ft. downstream

of the flowmeter, temperature sensor KT-4 indicated temperatures approximately



L. A, Kimura N8110R:72-033
2 June 1972 _ ' ‘ Page 6

10°R greater than sensor KT-130 at the start of chilldown. This difference de-
creased to 5°R near the end of the test. Temperature sensor CT-3, located approxi-
mately 17 ft downstream of sensor KT-4, indicated temperatures approximately 2°R
warmer than sensor KT-4. Temperature sensor CT-505 is located approximately 2 ft
downstream of CT-~3. CT-505 is located at the bottom of the line and was indicating
temperature a few degrees below sensor CT-3. These temperature data indicate that
temperature sensors KT-4 and CT-3 were not positioned at the bottom of the pipe
line and temperature stratification exists in the line. The temperature data from
sensor CT-505 indicate that the fluid in the pipe at this location (just downstream
of valve C-4) was 100% vapor throughout the pump chilldown test (temperature above

saturation based on measured pressure).

Approximately 7 ft downstreéam of CT-505 there are 4 temperature
sensors placed circumferentially around the pipe starting at the top to 45°, 135°,
225° and 315° sectors. The two lower and one upper sensors readout temperatures
below 45 and 54°R only. All three temperatures were off scale throughout the
chilldown test. The other upper sensor indicates temperatures much hotter than
measured from all other sensors in the line. The transient temperature measured

from this sensor during the chilldown test is shown on Figure 2.

On a later chilidown test (December 22) the range of one of
the lower sensor readouts (CT-508) was increased to 550°R. The differential
temperature reading between the lower (CT-~508) and the upper (CT-509) sensors was
approximately 50°R during the chilldown test. These readings indicate a tempera-

ture stratification of 50°R in 70% of the 10 inch pipe diameter.

5. Pump Outlet Condition

The pump outlet temperature was measured by CT-542 located a
few in. from the pump discharge. Since this measurement is made in a vertical
‘pipe line, the measured temperature should be close to the mixed mean temperature.
The readout was limited to 100°R; therefore, the pump outlet temperature was

off-scale during the initial 100 seconds of the test.
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Approximately 24 ft downstream of the pump discharge, tempera-
ture sensor CT-6 indicated temperatures approximately 10-20°R hotter than at the
pump discharge. The readout for this sensor was also limited to 100°R and was

greater than this value for the first 150 seconds of the chilldown test.

Based on these temperature data, the temperature rate of
change at 100°R was very slow; therefore, the rapid temperature drop from 500°R
y P ,

(initial temperature) to approximately 200°R occurred very early in the test.
c. ANALYTICAL PUMP MODEL

1. Computational Method

There are several transient thermal analyzer computer codes
~available, but only the CINDA-3G (Reference 2) program has the capability of
performing the computations necessary for this combined heat-transfer and fluid-
flow problem. In CINDA, the computation of the heat tfansfer coefficients, vapor
qualities, enthalpies, pressures and flow rates can be performed between each

thermal transient computation of the solid nodes.

Several CINDA subroutines were written to perform the above
computations and to use the National Bureau of Standards (NBS) hydrogeﬁ properties.
The present program can handle a tank pressure and power chilldown case in a
single computer run. From the pressure chill case, the program is able to switch

to a power chill case at a specified time.

The thermal analysis was separated into regions--solid diffu-
sion nodes and fluid nodes. VWhen the temperatures of the solid diffusion nodes
are being computed, the fluid nodes are treated as the boundary condition. The
capacitance of the aiffusion nodes and the conductance between these nodes are

evaluated as functions of temperature during each iteration.

The temperature change rate of each solid node is computed by
summing the total heat input from its adjoining solid or fluid nodes and dividing
by its capacitance. The new temperature at each . .time step is computed explicitly
by adding to the old temperature the product of the temperature change rate and

the computing time step as follows:
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G(Ta - T?) A0
where: Tn = new temperature, °R
Ta = temperature of connecting nodes, °R

To = old temperature, °R

G = conductance, Btu/sec-°R
C = capacitance, Btu/°R
A® = computing time step, sec

The heat lost by the solid nodes is the summation of the heat convected to the

fluid

Q = hA(TS - TF)

where TS = g0lid node temperature
TF = fluid temperature
hA = film conductance

The fluid node conditions are computed based on a quasi-steady
state solution. The heat gained from each solid node is computed assuming the
s0lid nodes as boundary condition. The enthalpy of the fluid is computed assuming
a saturated liquid condition at the inlet to the pump inlet line (PIL). At each
fluid node, the energy gained from the solid is added to the upstream‘fluid node
enthalpy. The fluid temperature and quality are determined from the NBS tables

as a function of pressure and enthalpy (which is a function of temperature).

A subroutine was written to perform the iterative computation
to determine enthalpy and temperature of the fluid nodes. At a fluid mixing node,
where flow from two branches combine into one, the enthalpy value of the previous

iteration is used for the initial condition of the secondary branch (fluid node
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number greater than the mixing node number). If the difference between the new
enthalpy value of this secondary branch node and the old exceeds a specified error
limit, the whole fluid node computation for this time step is repeated using the

new enthalpy value. A heat balance between the solid node and the fluid node
computations is maintained, since a common set of solid node and fluid node tempera-

tures and film conductance values are used for both computations.

2. Heat Transfer

The heat transfer characteristics from the solid to the fluid
was separated into four distinct regimes: (a) laminar single phase, (b) turbulent

single phase, (c) laminar two-phase, and (d) turbulent two-phase.

In the laminar single phase regime, the constant wall tempera-

ture forced laminar flow convection correlation given in Reference 3 was used

Nu = 3.65
hDh
where: Nu = Nusselt number, x
h = heat transfer coefficient, Btu/hr—ft2—°R
Dh = hydraulic diameter, ft
K = thermal conductivity, Btu/hr-ft-°R

This correlation is valid for developed flow conditions (large L/D ratio). At
smaller L/D ratios or near entrance of a passage, the heat transfer coefficient
will be larger. Entrance effects were neglected since the L/D ratio of the coolant

passages in general are large.

The Dittus-Boelter correlation (Reference 4) was used in the
turbulent single phase regime. The heat transfer coefficient for this regime was

computed as follows:

..8
h = .023 (CH) ——"2—§
D, "“A’
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k'8 cp/uy -t

[}

where: CH

]

Cp = specific heat, Btu/1b-°R

W = viscosity, 1b/hr/ft
w = flow rate, 1lb/hr

A = flow area, ft2

The CH parameter was determined as a function of temperature and. pressure from a

table prepared from NBS hydrogen properties.

In the laminar two-phase regime, the film pool boiling correla-
tion from Reference 5 was used. The following equation was fitted from the flat

plate data of Figure 2.7 of Reference 5:

The heat transfer correlation in the unstable transition region was not included
since its effect is not felt until the film temperature difference becomes less
than 40°R. Nucleate boiling does not occur until the film temperature difference

is below 10°R; therefore, it was also neglected.

In the turbulent two-phase flow regime, the forced convection

film boiling correlation given in Reference 6 was used.

r 1.8 r . o b T
X . 1-x TQR Kf
b PL M|
h . =h - Nu exp
20 19 X 1-x [ Cp ] b K, Ycale.
ot Py Mg
L . o 4b
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where: h2¢ = 2-phase fgrced convection heat transfer coefficient,
Btu/hr-ft -°R
hl¢ = vapor hea; transfer coefficient at saturation conditions,
Btu/hr-ft"-°R
Kf = thermal conductivity at film temperature, Btu/hr-ft-°R
Kb = thermal conductivity at bulk temperature
X = vapor quality, weight fraction
oy = bulk vapor density, 1b/ft>
bl = liquid density, lb/ft3
pe = vapor density at the film temperature, lb/ft3

The Dittus—-Boelter heat transfer coefficient evaluated at the saturated vapor

condition is used for h g in the above equation. The first bracketed term is

the ratio of the averagi fluid densities evaluated at the film and bulk tempera-
tures. The second term is the ratio of the vapor physical properties evaluated
at the film and bulk temperatures. The last term is the empirical Nusselt number
ratio shown on Figure 4, replotted from page 447 of Reference 6, as a function of
vapor quality. The data scatter of this parameter is approximately +100% and

~50% of the mean. The mean value was used in this analysis.

The effect of the contact thermal resistance was neglected
since almost all mating surféces must be sufficiently tight to minimize vibrations.
As a point of reference, it might be noted that one mil of hydrogen gas gap cor-
responds to a contact conductance of approximately 500 Btu/hr—ft2—°R, which in
turn corresponds to an additional thickness of only 0.05 inch of titanium or
0.026 inch of stainless steel. At room temperature, the radial clearance between
the stainless steel bearing race and the titanium rotor parts can be several mils,
and at cryogenic temperatures, these gaps would close because the thermal expansion
coefficient of titanium is approximately half that of stainless steel. Therefore

the contact thermal resistances are the greater for a warm pump.



L. A. Kimura N8110R:72-033
2 June 1972 ' Page 12

3. Fluid Flow

The TPA model flow chart is shown on Figure 5. The hydrogen
flow rates through the various passages in the TPA were computed assuming all the
available pressure drop occcurred at a single restriction in each paésage. These
restrictions are the labyrinth seals and bearing feed line orifices. The flow
coefficients across these restrictors are determined from the TPA design group,

and the flow rates were computed as follows:

W = -\/APxGx-p-

fluid flow rate, 1lb/sec

where: w =
AP = pressure drop, psi
_ 2 . .5 2
G = 24g(AC)", flow coefficient, in” /sec
A = flow area in
C = orifice flow coefficient
p = average homogeneous fluid density downstream

of the restriction, lb/in3

Although this equation is for an incompressible fluid, its approximation of
isentropic gas flow through an orifice was good for this application since the
downstream fluid density is used. The compressible flow equation can be written

as follows (Reference 7):

where Y is the net expansion factor and V., is the specifié volume of the upstream

1
fluid (in3/lb). The two flow equations are identical if
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Using the net expansion factors for an orifice given in Reference 7 for orifice

pin

diameter ratios of 0.2 to 0.8, values for the parameter Y were computed

out
to be close to unity. For single phase, gas flow, the density ratio was computed

as a function of pressure as follows:

For the two-phase fluid case, it was assumed that the fluid is

homogeneous with an average density computed as follows:

s 1
pv pL
.. . .3
where P = liquid density, 1b/in
p, = vapor density, l‘p/in3
4, Model Definition

The single stage test pump configuration used t& develop the
finite difference model was AGC Drawing No. 1139300. This model has 520 solid
nodes, 266 surface nodes and 133 fluid nodes in a two-dimensional axisymmetric
coordinate system. The grid of this model is shown on Figure 5. The pump in-
ducer, impeller blades and the diffuser vanes were included in this model as

fractional mass nodes. The pump inlet line to Valve C-4 was also modeled.

Since this pump model was developed prior to the actual chill-
down testing, the pump model was modified to best use the test data available to
perform the data simulation analyses. Because the>hydrogen condition at Valve C-4

was two-phase and the quality was not known, it was assumed that the fluid condition
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at the pump inlet was always gas. This assumption was based on the temperature
data taken between the flow conditioner and the pump inlet bellows. The bearing
coolant flow rate was determined by the measured pressure drop at the filter

rather than by the labyrinth seal configuration.

The original model had the capability of simulating a powered
chilldown case (pump rotated at some reduced speed). Powered chilldown tests
were not performed. In the pressure chilldown case, many of the fluid nodes are

treated as stagnant gas pockets.

5. Condition Analvzed

The objective of this analysis is to predict the measured
temperature response of the pump during the pump chilldown test. The pump inlet
fluid condition (enthalpy), fluid flow rate through the pump and the pump initial

temperature are required as input to the analytical computer model of the pump.

The fluid flow rate data from the pump outlet flowmeter CF-6
was used. The flow rate values computed on Table 2 were modified slightly because
the flowmeter is approximately 24 ft from the pump discharge and some lag in flow
response can be expected. The data indicated that steady flow rate value at the out-
let flowmeter was reached in 20 seconds. It was assumed in this analyses that the

pump steady flow rate value was reached in 5 seconds.

The initial temperature of the pump was assumed to be a uniform
500°R. All of the temperature sensors in the pump metal and bearing coolant pas-
P P

sage indicated between 490 and 505°R.

The pump inlet fluid condition was based on the pump inlet full
range temperature sensor, CT-509, and the pump outlet temperature sensor CT-542.
Because CT-542 is located in a vertical pipe line, it probably senses fluid tempera-
ture near the mix mean value. Since the pump inlet temperature must be cooler than
the outlet, the mean pump inlet temperature was assumed to be an arbitrary 20-30°R
lowver than the measured pump outlet temperature. This temperature placed the fluid
in the super-heated vapor region. In the initial part of the chilldown test where

CT-542 was off-scale, the pump inlet fluid temperature was extrapolated following
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the characteristic curve of the pump inlet temperature data from CT-509. The
reason CT-509 data could not be used directly is that it is a measure of a tempera-
ture in the upper region of a horizontal pipe. Due to temperature stratification
in the pipe line, CT-509 only senses the temperature of the fluid in the upper
portion of the pipe and not the mixed mean temperature. Shown on Table 3 are the

input parameters used for the nominal case.
Iv. RESULTS
A. NOMINAL CASE ANALYSIS

The pump thermal transient response computed by the pump model for the
nominal input case is shown on Figure 6. The temperaturc transient measured in
the pump housing decayed much faster than computed from the model. - The pump hous-
ing temperature sensor locations are shown on Figure 3. These sensors are positioned
in the housing 0.2 to 0,4 in. from the fluid in front of the impeller blade near
the exit. In the pump model, it was assumed that the fluid in front of the impeller
adjaceni Lu e housing in front ol e Lcmycnatuﬂ: seusvl Wwas siapguani. Tue flow
area through the pump impeller is approximately 1000 times greater than through the
impeller forward labyrinth seal. The impeller was locked in place to prevent free

wheeling during the chilldown.

The test data indicated a large temperature difference of approximately
80°R between the sensors located 0.2 and 0.4 in., from the surface. The analytical
model predicted a temperature difference of only 20°R. The large temperature
gradient is in the axial direction toward the pump diffuser which is in contact
with flowing coolant. Thus the test data indicate a large gradient axially toward
the stagnant gap between the housing and impeller; but the analytical model pre-

dicts the temperature gradient is radially outward toward the diffuser.

The gap between the impeller and the housing may be sufficient to
form eddy currents in the region assumed to be stagnant gas. This current could .
increase the effective thermal conduction from the housing to the front impeller

shroud.
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This same flow discontinuity between the impeller discharge and dif-
fuser inlet could increase the convective heat transfer coefficient at the diffuser
inlet region of the housing. At the entrance region of a constant configuration
passage, the convective heat transfer coefficient starts at infinity and approaches

the steady~state developed flow value,

Even though the measured pump inlet and outlet temperature sensors
indicate superheated vapor, some liquid droplets may be carried along with the
vapor and have the characteristics of two-phase hydrogen for convective heat trans-
fer consideration. The two-phase convective heat transfer correlation predicts a

much higher value at very high vapor quality than for 100% vapor condition.

The hydrogen flow rate through the pump may be in error by as much as
50% since gas, not liquid, was passing through the flowmeter and because the tempera-
ture data were extrapolated above 54°R. A 50% increase in flow rate has an effect

of increasing the convective heat transfer coefficient by 38%.

Thus there are at least four phenomenon which might explain the faster

chilldown of the pump than predicted by the analytical model.
B. PARAMETRIC ANALYSIS

The only way that the pump can chill down faster than computed in the
nominal case is to increase the convective heat transfer coefficient. This can be
done by increasing the flow rate and/or multiplyihg the computed coefficient by a
factor greater than unity to account for the high heat transfer coefficient at
entrance region (or discontinuities). Shown on Figure 7 is the computed pump
transient response with 50% increase in flow rate and a factor of two on ccmputed
heat transfer coefficient. This computed temperature decay is still much slower
than the experimental data. On the next analyses, the computed heat transfer co-
efficient was increased by a factor of four with the flow rate remaining at 1.5
times nominal. The temperature transient computed from this analyses is shown on

Figure 8.

The fluid inlet temperature which is a function of time was the same
in all three computer analyses. The computed pump outlet temperature from all

three analyses were all close to the measured value.
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TABLE 1

INSTRUMENTATION SUMMARY

Channel Range

CT-700 35--590°R Pump housing, 6 = 288°, 0.2 in. from fluid
CT-701 35-590°R " " , 8 = 270°, 0.3 in. " "
CT-702 35-590°R " " , 8 = 252°, 0.4 in. " "
CT—763 v 35-590°R Pump bearing fluid between bearings

CT-704 35-100°R Pump forward bearing, 6 = 0°

CT-705 35~100°R Pump forward bearing, 6 = 180°

CT-706 35-100°R Pump aft bearing, 6 = 135°

CT-707 35-100°R " " " , 8 = 315°

KT-130 | 35-54°R KF-130 Flowmeter inlet

CT-3 35-590°R Inlet line

CT-505 35-54°R Flow conditioner inlet

CT~506 35-45°R Pump inlet, 6 = 45°

CT-507 35-54°R " ", 8 = 135°

CT-508 35-54°R " "o, 8 = 225°

CT-509 35-590°R " ", 8 = 315°

CT-542 35-100°R Pump discharge

CT-6 35-100°R Flowmeter, pump discharge CF-6

CP-702 0-750 psi Differential pressure, bearing feed orifice #1
CP-730 0-750 psi " " " " " #2
KP-130 0-100 psig Chill flowmeter inlet KF-130

KP-3 0-100 psig Pump inlet line

CP-541 0-1000 psig Pump discharge line

CF-6 0-100 1b/sec Pump discharge flow rate

KF-130 0-5 1b/sec Chilldown flow rate
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TABLE 2
PUMP CHILLDOWN FLOW RATE CALCULATION
December 10 Data
Pump Outlet Pressure 14 psia
Pump Outlet
Flowmeter Data Pump Flow Rate Calculation
Indicated v Density
Flowrate Temperature.. .Density Ratio Flow Rate..
0 cr-6 D CT-6 p-(B; 0/4.3 @(calc) ¥
sec ib/sec °R 1b/ft 1b/sec
0 0] 300<2) .009 0
10 38 220(2) .013 .00303 145
20 52 160(2) .017 .00396 .206
30 52 1442 .020 .00466 .243
40 50 1362 .023 .00537 267
60 46 127(2) .025 .00582 .267
o0 45 120(2) 026 . 00605 . 2606
100 40 114(2) .027 .00630 .252
120 37 109(2) .028 .0067 24
140 35 104(2) .029 0067 234
160 33 98 .029 .0067 221
180 32 94 .030 .0070 224
200 29 87 .032 .0074 214
220 27 82 .035 .0082 .220
240 26 79 .035 .0082 .213
260 26 78 .035 .0082 .213
280 24 81 .035 .0082 .196
300 22 88 .032 .0074 .162
(1) CF-6 calibrated based on p = 4.3 1b/sec
(2) Estimated value based on CT-507 data
_ 12p 3
(3) = 3e6T 1b/ft

(4)

<
]

(CF-6) * p/4.3
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TABLE 3

INPUT PARAMETERS

Meminal Case

Initial Pump Temperature = 500°R

Pump Flow Rate Pump Inlet Condition
] w 6 Enthalpy Temp
sec 1b/sec sec Btu/lb °R
0 .1 0 720. 250.
5. .26 10. 405. 160.
200. .26 20. . 295, 120
250. _ 24 30. 245, _ 100.
310. .20 . 50. 220. 90.
100. 180. 75.
150. 155. 65.
200. 140. 60.
250. 130. 55.

310. 140. 60.
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